Abstract--X-ray powder diffraction studies were performed with propyl-, dodecyl-, and dodecyldiammonium bentonites saturated with aqueous mixtures of eleven organic pollutants at concentrations of 0.01 to 100%. The alkylammonium salt treatment separated the montmorillonite unit layers, which increased the interlamellar volume and exposed the interlamellar surfaces for adsorption of the organic pollutants. Washing the salt-treated clays with distilled water removed excess, physically adsorbed alkylammonium ions that could interfere with adsorption of the organic pollutants. Adsorption isotherms conducted at organic pollutant concentrations of 100 and I000 rag/liter indicated the three alkylammonium montmorillonites, especially propylammonium montmorillonite, were effective adsorbents from aqueous solution, but to a lesser extent than adsorbents currently used in the water and wastewater fields.
INTRODUCTION
Organic chemicals in surface and ground-water supplies have become a major environmental problem. Adsorption by activated carbon is widely used to remove these pollutants from drinking water. Although clays have been recognized as adsorbents of such organic compounds, few studies have been conducted to determine whether certain clays could serve as practical adsorbents in the treatment of water and wastewater.
Bentonite has had limited use as a coagulant in the purification of both water and wastewater (Olin and Peterson, 1937; Olin et al., 1942) . Some clays have been investigated specifically to adsorb organic compounds from water supplies (E1-Dib et aL, 1978; McBride et aL, 1977) and from wastewater (Williamson et aL, 1964) . Except for the study by McBride et al. (1977) , these studies have not attempted to alter the adsorption characteristics of clays prior to their use.
The literature dealing with interactions between alkylammonium montmorillonites and organic compounds suggests that modified montmorillonites may be potentially effective adsorbents to improve water quality. Cowan and White (1963) showed dodecylammonium bentonite, in a series of ethyl-to octadecylammonium bentonites, to be the most active adsorbent for mono-and dihydric phenols. Slabaugh and Carter (1968) reported adsorption of ~ 31 milligrams of methanol per gram ofdodecylammonium montmorillonite.
Present address: Department of Civil Engineering, Cleveland State University, Cleveland, Ohio 44115. Stul et al. (1979) were able to adsorb 9 to 330 milligrams of hexanol and 40 to 530 milligrams ofoctanol per gram of dodecylammonium montmorillonite in studies conducted over a wide range of alcohol concentrations. These observations for dodecylammonium montmorillonite and suggestions by Weiss (1963) that dodecyldiammonium ions form pillars when adsorbed in the interlamellar space of montmorillonite, led to the selection of these two alkylammonium ions for exchange with montmorillonite in the present study. Furthermore, Barter and Millington (1967) reported relatively large free interlamellar volumes for propylammonium montmorillonite. Therefore, propylammonium montmorillonite was also used to determine the effect of amine chain length on the capability of alkylammonium montmorillonites to adsorb organic contaminants from an aqueous solution.
A major concern of the present study were the interactions between alkylammonium clays and representative organic compounds included in the U.S. Environmental Protection Agency's list of 129 priority pollutants (Keith and Telliard, 1979) . Jordan et al. (1950) noted that a bentonite exhibiting high swelling properties in water showed an aversion to water and a tendency to swell in various organic liquids after reaction with appropriate organic ammonium salts. Barrer and MacLeod (1955) found that exchange of tetramethyl-and tetraethylammonium ions opened up the laminae of the clay, and caused profound changes in the sorption and the intercalation of organic molecules. In contrast to their reaction with untreated materials, paraffins and aromatic hydrocarbons were freely adsorbed between the laminae of the organic-treated montmorillonites. Barter and Reay (1957) showed that sorbates having critical dimensions less than the initial intersheet separation were intercalated in substantial amounts and that sorbates with larger critical dimensions could also be imbibed by expanding the clay structure further.
The intent of the present investigation was threefold. First, montmorillonite separated from Wyoming bentonite was interacted with propyl-, dodecyl-, and dodecyldiammonium salt solutions to see how the alkylammonium ions became attached and oriented within the interlamellar space of a pure smectite. Second, X-ray powder diffraction (XRD) experiments were conducted with three alkylammonium bentonites saturated with aqueous mixtures of eleven different organic pollutants to study the extent to which these organic molecules were intercalated and how the molecules became oriented in the interlameUar space. Third, the pure alkylammonium montmorillonites from the first part were used to determine individual adsorption isotherms with the eleven organic pollutants to predict whether the treated clays would be useful in removing the pollutants from dilute aqueous solutions (Wolfe, 1981) .
EXPERIMENTAL PROCEDURES
The clay used in this investigation was a Wyoming bentonite (Volclay-SPV) commercially available from the American Colloid Company. The montmorillonite was separated from the bentonite using standard centrifugation procedures detailed in Wolfe (1981) . The bentonite and montmorillonite samples were mechanically ground to < 200 mesh with a SPEX shatterbox grinder. The cation-exchange capacity (CEC) of the montmorillonite and bentonite were 94 and 72 meq/ 100 g dry clay, respectively. XRD analysis was used to confirm that the clay was essentially in the sodium form.
Adsorption of amine salts on purified montmorillonite
The hydrochloride salt solutions ofpropylamine (PA), dodecylamine (DA), and dodecyldiamine (DDA) were prepared by mixing the appropriate amount of amine with 0.04-0.08 N HC1 solutions. The hydrogen ion concentration was approximately 20% in excess of the stoichiometric amount to assure complete conversion of the amine to the salt form.
Previously dried and desiccated montmorillonite was mixed with amine salt concentrations of 0.25-5 greater than the CEC of the clay. The mixtures were subjected to mechanical shaking for 48 hr at a constant temperature of 20~
The treated montmorillonite was separated from the mixture by centrifugation, dried at 60~ and mechanically ground to <200 mesh. The clay samples were analyzed by XRD, differential thermal (DTA), thermogravimetric (TGA), and infrared (IR) spectroscopic analyses before and after removing excess, physically adsorbed ammonium ions with a distilled water washing. The amine content of the centrifugate and washwater was determined using a Beckman carbon analyzer, Model 915-A.
Adsorption of organic molecules on alkylammonium-treated bentonites
Adsorption isotherms were determined for aqueous solutions of eleven organic pollutants and the alkylammonium-treated montmorillonites; the results are reported elsewhere (Wolfe, 1981) . The organic pollutants included butanol, hexanol, octanol, benzene, toluene, nitrobenzene, phenol, chloroform, dimethylphthalate, acetaldehyde, and acetone. The present investigation entailed XRD studies conducted immediately after interacting aqueous mixtures of the organic pollutants with alkylammonium-treated bentonires. The alkylammonium-treated bentonites were prepared in large batch operations using the procedures described above for adsorption of the amine salts on montmoriUonite.
The eleven organic pollutants were mixed with distilled water at concentrations of 0.01, 0.1, 1.0, 10.0, 25.0, 50.0, 70.0, and 100% (by weight). Some of the organic pollutant concentrations exceeded their solubilities in water, but the wide range of concentrations was necessary to study intercalation and orientation of the organic molecules in the interlamellar space. These organic-water mixtures were continuously mixed with a magnetic stirrer in sealed containers to keep the undissolved pollutant dispersed. Enough alkylammoniurn-treated bentonite to fill an XRD sample holder was saturated with the organic chemical-water mixture and mixed thoroughly in a porcelain crucible using a spatula. The saturated bentonite was placed in the holder, resaturated with the pollutant mixture, and immediately analyzed by XRD using a Siemens D-500 diffractometer and CuKa radiation.
RESULTS AND DISCUSSION

Interaction of aliphatic amine salts with montmorillonite
The purified montmorillonite was used to determine accurately the extent of exchange between the sodium and alkylammonium ions. The ability of montmorillonite to retain the dodecylammonium (DA), dodecyldiammonium (DDA), and propylammonium (PA) cations is illustrated in Figures la, lb, and lc, respectively. The slopes of the regression lines for the relationship between the number ofmilliequivalents added and the number of milliequivalents retained show a sharp change at alkylammonium dosages corresponding to the CEC of the montmorillonite. This correspondence suggests that the alkylammonium ions were exchanged with sodium ions on the silicate surface when amounts less than or equal to the CEC of the montmorillonite (0.94 meq/g) were added.
DA ions (Figure l a) (1962) in which PA ions were adsorbed on a sodium montmorillonite. The fact that only 0.5 meq of PA ions was retained per gram of montmorillonite was possibly due to the relatively high solubility of the PA chloride salt in water, 2.8 x 106 mg/liter (Stephen and Stephen, 1963) , as opposed to the much lower solubilities of DA and DDA chloride salts, ~ 1500 mg/liter. Additional adsorption of PA ions did not appear to take place when PA ions in excess of the CEC were reacted with the montmorillonite. Repeated exchange of sodium ions with PA ions was not attempted. Results presented in Figure 2a suggest that the DA ions formed a monolayer within the interlamellar space with increasing concentrations of DA ions up to the CEC, and that the hydrocarbon chains were oriented parallel to the silicate surface. Physical adsorption of the DA ions at concentrations close to or in excess of the CEC resulted in a crowding of the hydrocarbon chains which caused the chains to overlap and tilt with respect to the silicate surface. When sufficient quantities of DA ions were crowded into the interlamellar space at high concentrations, the hydrocarbon chains were more orderly oriented perpendicular to the silicate surface, as evidenced by the maximum XRD basal spacing and the minimum XRD line breadth.
DDA ions have a positive charge at each end of the hydrocarbon chain and are of the proper length to satisfy two exchange sites on the silicate surface. Figure  2b indicates that a monolayer was formed in the interlamellar space at all concentrations, although some tilting or rotation of the hydrocarbon chains may have occurred at extremely high concentrations.
The basal spacings plotted in Figure 2c indicate that PA ions formed a monolayer in the interlamellar space with the hydrocarbon chain oriented perpendicular to the silicate surface. This type of orientation is evidenced by the combination of basal spacings and small line breadths at the higher concentrations of PA retained by the montmorillonite.
XRD patterns for the alkylammonium montmorillonites after washing with distilled water demonstrated that the montmorillonite retained only the DA, DDA, and PA ions adsorbed at exchange sites. Table 1 lists the basal spacings reported in the literature for the three alkylammonium montmorillonites and those obtained in the present study. The variation in the observed basal spacings for each alkylammonium montmorillonite is reasonable and has been suggested by Weiss (1963) to be a result of several factors, such as the methods utilized for drying and grinding. 
Interaction of organic pollutants with alkylammonium-treated bentonites
The most intense 00l peaks from the XRD patterns are listed in Table 2 along with corresponding Miller indices, line breadths, and line-intensity ratios. Analyzing these data collectively provided a basis for estimating the orientation and extent of intercalation of the various organic pollutants within the interlamellar space of the alkylammonium bentonites.
The interactions of the dodecyldiammonium bentonite (DDAB) with the eleven pollutant-water mixtures is not discussed here because no intercalation of any of the organic pollutants was noted. The DDA ions appeared to tie the clay layers together and prevent them from expanding. These findings contradict those of Weiss (1963) in which DDA ions formed pillars in the interlamellar space at an angle of 56 ~ to the silicate surface. The difference between his work and the present study is reasonable because the interaction of DDA ions with the silicate surface depends on the distance between charge sites, which in turn is related to the CEC of the clay.
Alcohols. The basal spacings of the dodecylammonium bentonite (DAB) at alcohol concentrations greater than 25% suggest a double layer of intercalated alcohol molecules oriented perpendicular to the silicate surface. These spacings match expected values assuming a shortening of the alcohol chains due to kinking (see Emerson, 1957; Harding, 1969, 1971; MacEwan, 1948; Stul et aL, 1979) . The large amount of alcohol intercalated at high concentrations may have been a result of the length of the DA ions and the fact that they are soluble in alcohol (McAtee and Cheng, 1967) . DA ions tend to orient perpendicular to the silicate surface (Weiss, 1963) and may have helped to separate the clay layers.
The decrease in basal spacings for propylammonium bentonite (PAB) and untreated Wyoming bentonite with increasing alcohol concentrations may be due to the solubility of the alcohols in water. When sufficient water was available in the interlamellar space, the alcohol molecules were oriented at an angle to the silicate surface. At high alcohol concentrations a single layer of molecules was intercalated and oriented parallel to the silicate surface. Only octanol showed evidence of a double layer of perpendicularly oriented alcohol tool- Leonard et al. (1962) wa = excess washed off with water and sample air dried; wo = excess washed off with water and sample dried at 60~ wow = sample saturated with water after wo treatment; eo = excess washed off with ethanol and sampled dried at 60~ wag = sample saturated with ethylene glycol after wa treatment; m = excess washed off with methanol; mw= sample saturated with water after m treatment; b = adsorbed on montmorillonite from benzene solution.
ecules intercalated in the PAB and the untreated bentonite at intermediate alcohol concentrations.
Aromatic compounds. Benzene and toluene (nonpolar compounds) formed single-layer interlameUar complexes in DAB, with the plane of the benzene ring oriented perpendicular to the silicate surface. Nitrobenzene and phenol (slightly polar compounds) were readily intercalated at organic concentrations greater than 10% and appeared to form a four-layer interlamellar complex. The increased solubility of the DA ions in these two polar compounds may have aided intercalation by causing the DA ions to orient perpendicular to the silicate surface (McAtee and Cheng, 1967) .
All four aromatic molecules formed single-layer interlamellar complexes with PAB and untreated bentonite at high organic concentrations. The plane of the benzene ring was oriented perpendicular to the silicate surface as suggested by Greene-Kelly (1955) .
Chloroform. The basal spacings of DAB were independent of chloroform concentration, but line-breadth data indicate that structural variations may have taken place. Therefore, water and chloroform molecules were most likely intercalated, but apparently were positioned between DA ions without causing further expansion. Adsorption isotherms (Wolfe, 1981) confirm that chloroform adsorbed on dodecylammonium montmorillonite from dilute aqueous solutions (0.01 and 0.1%).
Basal spacings for PAB and the untreated bentonite in the 18.0-20,1-]k range suggest a double layer of chloroform in the interlamellar space, with the molecules oriented perpendicular to the silicate surfaces. At higher organic concentrations only a single layer of chloroform was noted in the interlamellar space, suggesting that water may have assisted in expanding the clay layers to permit intercalation of the chloroform molecules.
Dimethylphthalate. Basal spacings of DAB generally increased with increasing dimethylphthalate concentrations. At low organic concentrations, water and dimethylphthalate molecules apparently caused the DA ions to tilt with respect to the silicate surface. For organic concentrations greater than 10%, the solubility of DA ions in dimethylphthalate caused the DA ions to orient perpendicularly in the interlamellar space. The several orders of d(00l) (up to 005) suggest that several layers of dimethylphthalate molecules were positioned in the interlamellar space parallel to the silicate surface.
The PAB and untreated bentonite basal spacings were independent of the dimethylphthalate concentration. The dimethylphthalate molecules formed a double layer in the interlamellar space, with the plane of the DAB = dodecylammonium bentonite; DDAB = dodecyldiammonium bentonite; PAB = propylammonium bentonite. 2 From organic solutions at concentrations from 0-100%. 3 oo = X-ray powder diffraction pattern gave no basal spacings.
benzene ring parallel to the silicate surface. The several orders ofd(00l) noted in the XRD patterns suggest this type of orientation.
Acetaldehyde and acetone. The basal spacings of DAB increased with increasing organic mixture concentrations, suggesting that the DA ions were first forced to tilt with respect to the silicate surface and then forced into a perpendicular position at high organic concentrations. The large basal spacings at organic concentrations of 70 and 100% suggest four-layer interlamellar complexes of acetaldehyde and acetone with DAB. McAtee and Cheng (1967) reported similar results with acetone adsorbed on dimethyldioctadecylammonium montmorillonite.
The untreated Wyoming bentonite exhibited multilayer adsorption of both acetaldehyde and acetone at organic mixture concentrations of 70 and 100%. McAtee and Cheng (1967) reported similar multilayer complexes for acetone adsorbed on methyldioctadecylammonium montmorillonite. At low organic concentrations water completely expanded this sodium bentonite.
CONCLUSIONS
Alkylammonium ions adsorbed on the interlamellar surfaces of sodium montmorillonite and bentonite caused the clay layers to remain partially expanded when dried. Excess, physically adsorbed alkylammonium ions were removed with a distilled water washing, leaving the CEC of the clay satisfied by the exchanged alkylammonium ions.
The DA and DAA ions tended to lie flat in interlamellar space of the dried clay; whereas, PA ions were oriented perpendicular to the silicate surface. Contrary to expectations, because the length of the DDA ions and the distance between charge sites on the silicate surfaces were so similar, the DDA ions lay fiat between charge sites and locked the clay layers together without significant open space between clay layers. Therefore, when exposed to aqueous mixtures of the organic pollutants DDAB did not expand and or intercalate the organic molecules.
XRD studies of three alkylammonium-treated bentonites and an untreated Wyoming bentonite saturated with aqueous mixtures of eleven organic pollutants showed significant intercalation of the pollutant molecules. Although intercalation was generally the greatest with DAB, adsorption isotherm data (Wolfe, 1981) indicate that propylammonium montmorillonite was a better adsorbent of the organic pollutants in dilute aqueous solution (100 rag/liter). These findings suggest that the solubility of the DA ions was important. At high organic concentrations the DA ions dissolved in the pollutant and oriented perpendicular to the silicate surface, thereby helping to expand the clay layers and exposing the silicate surfaces for adsorption. At low organic concentrations, however, the propylammonium montmorillonite had a larger free intedameUar volume and thus became the better adsorbent.
